Acid green 25 (AG) dye was adsorbed from water by using polyaniline nanotubes (PANI NT) salt/silica composite as adsorbent. Comparison between the removal of the dye by using PANI NT salt/silica composite and the conventional PANI salt/silica composite was investigated. This result was evidenced from the measurements of the UV-visible absorbance of AG dye solutions after different times. Experiments were conducted by varying parameters, namely initial concentration of the dye and contact time. The percentage of color removal decreased with increase in initial dye concentration. Adsorption equilibrium of color removal was reached after 60 min of contact time. Equilibrium data were fitted to Langmuir, Freundlich, and Tempkin isotherms, and their constants were determined. Using the linear correlation coefficients showed that the Langmuir isotherm best fits the AG adsorption data on PANI NT salt/silica composite. The experimental data were fitted into the following kinetic models: pseudo-first-order, pseudo-second-order, and the intraparticle diffusion model. It was observed that the pseudo-second-order kinetic model described the adsorption process better than any other kinetic models. The results obtained indicate that PANI NT salt/silica composite could be employed as a much more efficient adsorbent than the conventional PANI salt/silica composite for dye removal from water.
Background
Industrial effluents are one of the major causes of environmental pollution because effluents discharged from dyeing industries are highly colored with a large amount of suspended organic solid [1] . Untreated disposal of this colored water into the receiving water body either causes damage to aquatic life or to human beings by mutagenic and carcinogenic effect. As a matter of fact, the discharge of such effluents is worrying for both toxicological and environmental reasons [2] . Dyes can be classified as anionic (acid dyes), cationic (basic dyes), and non-ionic (disperse dyes) [3] . Acid dyes are organic sulfonic acids; the commercially available forms are usually sodium salts, which exhibit good water solubility. In sequence of their importance, acid dyes are mostly used with certain fiber types such as polyamide, wool, silk, modified acrylic, and polypropylene fibers as well as blends of the aforementioned fibers with other fibers such as cotton, rayon, polyester, regular acrylic [4] , etc. Various techniques like precipitation, membrane filtration, coagulation, electrochemical, ion exchange, chemical oxidation, adsorption [5, 6] , etc. are used for the removal of dyes from wastewater. Adsorption is a procedure of choice for the removal of dyes from wastewater [7] . The major advantages of this technique are its low generation of residues and the possibility of its adsorbent being recycled and reused [8] . Several effective, selective, and cheaper adsorbent materials were developed such as waste orange peel [9] , banana pith [10] , rice husk [11] , clay [12] , neem leaf powder [13] , powdered activated sludge [14] , and activated carbon/charcoal [15] . Recently, conducting polymer was tested in the adsorption of dye effluent [16] [17] [18] .
Composites which are formed by the incorporation of organic-inorganic materials are very fruitful enterprise as the merits of organic and inorganic moieties can be combined in the composites. Polyaniline (PANI) is one of the organic conducting polymers that can be used as an electrode material [19] , in microelectronics [20] , as an electrochromic device [21] , in radiation shielding, and in recordable optical disks [22] . It was also reported to be utilized as an adsorbent for the adsorption of protein [23] and DNA [24] . Polyaniline is considered to be one of the most promising classes of polymers due to their well-behaved electrochemistry, easy protonation reversibility, excellent redox recyclability [25] , good environmental stability [26] , electrochromism [27] , easy doping [28] , and easy preparation. The properties of PANI can be improved by incorporating other functional materials, including oxides, polyacidic anions, etc. [29] . Among those inorganic moieties in the organic-inorganic composites, silica has received great attention because of its unique properties and wide applications [30] . Silica particles have been included in the composites through many ways, including surface polymerization of aniline adsorbed onto silica surfaces [31] , in situ hydrolysis and condensation of tetraethoxysilane in PANI solutions or on solid PANI surfaces [32] , etc. Although silica is insulating, some of the composites were in the same conductivity level as that of PANI [32] , and some even displayed enhanced conductivity [32] , providing potential applications of the composites in electrochemistry and related fields. Aniline polymerization in an aqueous acidic medium yields the most conductive form of PANI; the emeraldine salt (ES) was deprotonated by treatment with an alkali to polyaniline emeraldine base (EB) [33] , as shown in Scheme 1. Recently, we have explored PANI coating on the electrode of the quartz crystal microbalance as chlorinated hydrocarbon and alcohol vapor [34] [35] [36] sensors. The diffusion and the adsorption kinetics of the adsorbed vapors into the polymer were studied. Nanostructured PANI receives a great deal of attention due to its properties which differ from those of the coarse structures. The increasing surface area of PANI makes it an interesting material for sensor construction and gas storage [37] . Recently, PANI nanotubes (NT) were used for the reduction of silver nitrate to produce PANI-silver nanoparticle composites [38] . Also, the PANI NT base has been utilized as an adsorbent for the removal of cationic dyes such as MB from aqueous solution [39] . It has been concluded that the NTs provide a more efficient adsorbent than conventional PANI. The kinetic mechanism and the isotherm models were investigated. In the same context, the present paper was devoted to study the adsorption of the anionic acid green 25 dye (AG) as a model onto PANI NT salt/silica composite by using UV-visible spectroscopy. The difference between PANI NT salt/silica composite and the conventional PANI salt/silica composite in the adsorption of AG was studied.
Results and discussion
Scanning electron microscopy (SEM) was used to provide morphological information of both the PANI NT salt and PANI NT salt/silica composite, Figure 1a ,b, respectively. It can be seen that the NTs are of 100 to 300 nm in diameter. The lengths of PANI NTs were 2 to 40 μm. The cavities in the NTs were easily visible ( Figure 1a ). The inner diameter differed substantially among the individual NTs, in the range of 20 to 250 nm, but it was relatively constant within each individual nanotube. Some nanorods with no cavities were also formed. These nanostructures obtained in the present study are similar to those reported in the bulk solution [40] . Figure 1b shows the SEM image of the PANI NT/silica composite with silica particles that appear as cluster spot. The PANI NT salt composite plays an important role in the enhancement of polymer surface area and helps in increasing the adsorption rate of polymer towards the dye.
Adsorption of AG onto the PANI NT salt/silica composite Adsorption studies
The adsorption of AG onto the PANI NT salt, the conventional PANI, and their composites with silica composite was tested using UV-visible spectroscopy. Adding 0.05 g of different substrates such as PANI NT salt/silica composite, conventional PANI salt/silica composite, PANI NT salt, and conventional PANI salt to 18.6 mg L ), onto per unit weight of PANI NT salt/silica composite, PANI NT salt, conventional PANI salt/silica composite, and conventional PANI salt at equilibrium is equal to 3.73, 3.56, 3.51, and 1.48 mg g , respectively. Figure 3 shows the decrease in AG concentration at different times in the presence of PANI NT salt/silica composite. The amount of dye adsorbed into per unit weight of the polymer adsorbent, Q e (mg g ), V is the volume of the dye solution used (L), and m is the mass of the adsorbent used (g). It is observed that adsorption amount increases in the following order: PANI NT salt/silica composite > PANI NT salt > conventional PANI salt/silica composite > conventional PANI salt. The extent of AG dye adsorption onto the PANI NT salt/silica composite is highly accessible as compared to the other substrates. This result is explained by the higher surface area of the PANI NT salt/silica composite. The binding sites of the interactions available in the PANI NT salt/silica composite would be larger; hence, more interaction with the anionic dye AG occurred. The dye adsorption kinetics and isotherms of the PANI NT salt/silica composite will be studied in full details in the following sections.
Adsorption kinetics
In order to evaluate the kinetic mechanism which controls the process, the pseudo-first-order [41] , pseudo-secondorder [42] , and intraparticle diffusion [43] models were tested, and the validity of the models were verified by the linear equation analysis log (Q e − Q t ) vs. t, (t/Q t ) vs. t, and Q t vs. t
, respectively. Good correlation with the kinetic data explains the dye adsorption mechanism in the solid phase [41] [42] [43] .
The first model is the pseudo-first-order rate equation:
where Q e and Q t (mg g −1 ) refer to the amount of dye adsorbed at equilibrium and time t (min), respectively, and k 1 is the rate constant. Figure 4a shows the plot of the pseudo-first-order, and the parameters k 1 , Q e , and the correlation coefficient (R 2 ) values were determined ( Table 1 ). The curve-fitting plots with correlation coefficient (R 2 = 0.9894) are shown. The second model, the pseudo-second-order reaction, is dependent on the amount of solute adsorbed on the surface of the adsorbent and the amount adsorbed at equilibrium.
The pseudo-second-order model can be represented in the following form:
where k 2 is the rate constant of the pseudo-second-order model (g mg
). Figure 4b shows the curve-fitting plot of Equation 3 ((t/Q t ) vs. t), and the parameter values of k 2 , Q e , and R 2 were determined ( Table 1 ). The curvefitting plots with excellent linearity (R 2 = 0.9995) confirm the applicability of the pseudo-second-order equation.
The third model is an intraparticle diffusion model. Weber and Morris [44] stated that if intraparticle diffusion is the rate-controlling factor, uptake of the adsorbate varies with the square root of time. The root time dependence was expressed by Equation 4:
where k i is an intraparticle diffusion rate parameter. Figure 4c shows a plot of Q t vs. t 1/2 . As shown in Figure 4c the external surface adsorption (stage 1) is the fastest and completed before 10 min, and then, the stage of intraparticle diffusion control (stage 2) is attained and continues from 10 to 60 min. The slope of the first linear portion (stage 2) characterizes the rate parameter corresponding to the intraparticle diffusion, whereas the intercept of this portion is proportional to the boundary layer thickness. The R 2 value for this diffusion model is 0.9851, and the other values were determined (Table 1 ). This indicates that the adsorption of AG onto PANI NT salt/silica composite can be followed by an intraparticle diffusion in about 60 min. However, the lines do not pass through the origin (the plots have intercept of 0.62 mg g −1 ), indicating that intraparticle diffusion is involved in the adsorption process but it is not the only rate-limiting mechanism and that some other mechanisms also play an important role. Surface adsorption and intraparticle diffusion were likely to take place simultaneously. 
Adsorption isotherms
The most common adsorption models were used to fit the experimental data Langmuir [45] , Freundlich [45] , and Tempkin [45] isotherms. The first model is the Langmuir isotherm, which is given as
where C e is the equilibrium concentration of the adsorbate (mg L −1 ), Q e is the amount adsorbed per unit mass of adsorbent (mg g
) is a constant related to the affinity between the adsorbent and the adsorbate, K l /a l is the theoretical monolayer saturation capacity Q 0 . A linear plot was obtained when C e /Q e was plotted against C e , as shown in Figure 5a . The correlation coefficient R 2 was calculated and equals 0.9961. The second model is the Freundlich model, which is given by
where n is the Freundlich constant, and K f ((L mg −1 )1/n) is the constant correlated to the maximum adsorption capacity. Figure 5b shows that the plots of ln Q e vs. ln C e are linear with R 2 equals 0.9945. The third model is the Tempkin isotherm, which is represented by the following equation:
K t is the equilibrium binding constant and corresponds to the maximum binding energy, and B is the constant related to the heat of adsorption. A linear plot was obtained when Q e was plotted against ln C e , as shown in Figure 5c . The R 2 was calculated and equals 0.9703.
The results obtained from the adsorption isotherms for the dye by the polymer are shown in Table 2 . For the three studied systems, the Langmuir isotherm correlated better than the Freundlich and Tempkin isotherms. The Langmuir adsorption isotherm is the most widely used for the adsorption of a pollutant from a liquid solution, assuming that the adsorption takes place at specific homogeneous sites within the adsorbent [46] .
The essential feature of the Langmuir isotherm can be expressed in terms of a dimensionless factor called separation factor (R L ), which is defined by the following equation [47] :
where C 0 (mg L −1 ) is the initial adsorbate concentration, and a l (L mg −1 ) is the Langmuir constant related to the energy of adsorption. The value of R L indicates the shape of the isotherm to be either unfavorable (R L > 1), linear (R L = 1), favorable (0 < R L < 1) or irreversible (R L = 0). Figure 5d shows the variation of R L with initial AG concentrations.
The results indicate that R L values were in the range of 0 to 1, indicating that the adsorption of AG onto PANI NT salt/silica composite is favorable. The observed rate constant K obs, is equal to 0.037 min −1 , and it was calculated from Figure 6 by using the following equation:
is the concentration of AG after different times, and t (min) is the time.
Effect of initial AG concentration
The experiment was conducted with different initial concentrations of AG in the presence of 0.05 g of PANI NT salt/silica composite for 60 min. When the initial concentration of the dye was 1.8 mg L −1 , the dye was completely absorbed in 10 min. At higher concentrations, the dye was not completely absorbed, indicating that there is a saturation limit for the polymer, above which it does not remove the dye. The effects of initial concentration and time on the adsorption of AG by PANI NT salt/silica composite are described in Figure 7 .
At lower concentrations, all AG present in the adsorption medium could interact with the binding sites on the surface of the adsorbent, so higher adsorption yields were obtained. At higher concentrations, lower adsorption yields were observed because of the saturation of the adsorption sites.
Conclusions
The adsorption of anionic sulfonated dye AG from aqueous solutions onto PANI NT salt/silica composite was studied with variations in AG concentration. The uptake of the dye was studied using UV-visible spectroscopy. It is concluded that the adsorption amount increases in the following order: PANI NT salt/silica composite > PANI NT salt > conventional PANI salt/silica composite > conventional PANI salt. This is due to the increase in the surface area of polymer nanotube substrates, and hence, the PANI NT salt/silica composite provides a more efficient adsorbent than the conventional PANI salt/silica composite substrates.
The kinetic models were calculated, and the data showed that the second-order kinetic model is the best linearity with the data more than any other kinetic model. Intraparticle diffusion was likely to take place. The data have been analyzed using the isotherm models, and the data showed that Langmuir is the best linearity with the data more than any other isotherm model.
Methods

Chemicals
Aniline (Adwic, Cairo, Egypt) was distilled twice under atmospheric pressure using zinc dust. Ammonium peroxodisulphate (APS) (MP Biomedicals, Santa Ana, CA, USA), acetic acid (Adwic), sulfuric acid (Adwic), silica (60 to 120 meshes with particle size of 0.13 to 0.25 mm (Aldrich, St. Louis, MO, USA), and acid green 25 (Aldrich) were used without further purification.
Preparation of PANI NT salt/silica composite and conventional PANI salt/silica A solution 0.2 mol L −1 aniline and 0.25 mol L −1 APS in 250 ml of 0.5 mol L −1 acetic acid in the presence of 1.8 g silica according to Stjekal's procedure [40] for the preparation of PANI NT salt/silica composite was used. In the present investigation, the composite was prepared as in the bulk. On the following day, the precipitate was collected on a filter paper, rinsed with 0.5 mol L −1 acetic acid, and dried. The conventional PANI salt/silica composite was prepared in the bulk solution as described earlier for the PANI NT salt/silica composite, except that the acetic acid was changed to aqueous sulfuric acid of concentration 0.1 M.
Preparation of acid green 25 solution
The AG has a molecular formula of C 28 H 20 N 2 Na 2 O 8 S 2 with a molecular weight of 622.57, and Scheme 2 shows the molecular structure of AG. It is a water-soluble dye that is green in color. A stock solution was prepared by dissolving an appropriate quantity of AG in a volume of distilled water. The working solutions were prepared by diluting the stock solution with distilled water to give the appropriate concentration of the working solutions.
Adsorption experiments and characterization
UV-visible absorption spectroscopy (Labomed, Inc, Culver City, CA, USA) was used for the determination of the initial and final concentrations of AG solutions by measuring absorbance at 642 nm. Ten-milliliter AG solutions of different concentrations were mixed with 0.05 g of PANI NT salt/silica composite or conventional PANI salt/silica composite and were stirred at 700 rpm by an electric stirrer for different times in the dark at room temperature. The mixtures of the polymer and dye were separated first by syringe then by a centrifuge (EBA 20, Hitachi, Tokyo, Japan). The morphology of the polymer NTs and their composite with silica were observed with a scanning electron microscope (Fesem Hitachi H-8100). The samples were dispersed in acetone and then transferred onto silicon wafer substrates. The latter was sputtered with a thin layer of Pt/Pd at an atomic ratio of 8:2.
